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Abstract 
The extraordinary optical transmission (EOT) of sub-wavelength nanohole array is 
significantly enhanced through introducing nanoparticles, including nanospheres and 
nanocylinders, into the centers of the nanoholes. Maxima of 56% and 48% for nanocylinder 
and nanosphere matrices are achieved, compared with that of 37% for a none-in-hole 
nanohole array gold film. The mechanism behind the phenomena is discussed, indicating that 
surface plasmon mode coupling between nanoholes and nanoparticles rather than Fabry–Pérot 
resonance is the cause for the EOT enhancement. High near-field intensity enhancement also 
leads to the interaction between analytes and optical field increasing, therefore an improved 
sensitivity and figure of merit for biosensing. The modified structures are highly promising in 
practical sensing applications due to the incident angle independence. Similar results are 
obtained for a hexagonal array of nanohole gold film and nanoparticle modifications thereof. 
Keywords: extraordinary optical transmission, sensing performance, nanohole, nanoparticle 
 
1. Introduction 
Greatly enhanced transmission of light, i.e. the 
extraordinary optical transmission (EOT), through opaque 
metallic films perforated by nanohole arrays was first 
observed in 1998 [1, 2] and initiated important further 
experimental and theoretical work [3-8]. The extraordinary 
property reflects the transmission of light with orders of 
magnitude larger than the expected from standard aperture 
theory [9]. This is attributed to the coupling of light with 
plasmons on the surface of the patterned metal film, which 
was found to be controllable by incorporating periodic 
structures surrounding the subwavelength holes [10], 
manipulating the array lattice [11], and loading the holes with 
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different dielectric materials [12]. The enhanced optical 
transmissions have been demonstrated with other 
architectures, including nanoslit arrays [3, 13-15], nanoslits 
covered by metallic nanostrips as nanocavity antennas [16], 
subwavelength holes blocked by opaque metal disks [17], 
localized surface plasmon resonance (LSPR) around 
nanoparticles or nanoparticle arrays [18]. These results led to 
a flurry of intense theoretical and experimental researches to 
control optical properties of structured materials. The research 
enabled aiming at applications in novel photonic devices, such 
as sun light harvesting [19, 20], surface-enhanced Raman 
scattering (SERS) [21, 22], sensing [23-30], sub-wavelength 
integrated optical circuits [31-33], and nanoscale control of 
light [34-36]. 
In SERS architectures,  In this work, inspired by SERS, 
where the interaction between individual dipole plasmons can 
significantly enhance the local electromagnetic fields around 
nanoparticles by up to |𝐸|2 > 107 [37]. Inspired by this, here, 
we theoretically investigate a new structure by putting gold 
nano-spheres or -cylinders into holes of the nanohole array 
gold film to achieve further enhanced EOT. The nanohole gold 
film shows reliable and reproducible surface plasmon 
resonance (SPR) properties and is being used for SPR 
biosensors in-house [38, 39]. Introduction of gold nano-
spheres or -cylinders is found to lead to a strong enhancment 
effect on the electric fields in the arrays, making the structures 
promising candidates for surface plasmon sensors. We thus 
demonstrate their potential for label-free biosensing with an 
improved sensitivity. These structures are promising to be 
integrated with various platforms, including optical fibers and 
chip devices, and will attract more applications in novel 
optoelectronic devices, such as high efficiency optical probes, 
sensors, enhanced spectroscopy, and solar cells, etc., which 
will benefit from the enhanced electrical fields and EOT. 
2. Structures and simulation 
A three-dimensional (3D) finite-difference time-domain 
(FDTD) method (FDTD solutions, Lumerical Solutions Inc.) 
was used to simulate the transmission. through a A square and 
a hexagonal array of nanohole gold films for comparison are 
compared on a transparent substrate (fused silica, 1.45 
refractive index), respectively, with three configurations: (i) 
the holes are open without any modification (none in hole), 
(ii) the holes are modified with gold sphere with a diameter of 
ds at the center (sphere in hole), (iii) the holes are modified 
with gold cylinders with a diameter of dc and fixed height of 
100 nm (cylinder in hole), as shown in Fig. 1. The thickness 
of the gold film is fixed as 100 nm, which makes sure that the 
unperforated gold film is opaque to light [4] but not too thick 
for surface plasmon propagation since plasmon attenuates 
dramatically with the thickness increasing [1]. The period P 
and nanohole diameter D will be analyzed in the following 
sections.  
 
Fig. 1. Schematic diagram of the proposed structures. A square (a) and a hexagonal (b) array of nanohole gold films are modified by 
nanocylinders and nanospheres at the hole centers, respectively. The array period and hole diameter are kept as the same in the two 
array matrices for comparison. 
In the simulation, the structures are illuminated by a normal 
plane wave along the z-axis with polarization direction along 
the x-axis. Periodic boundary conditions are set in x- and y-
directions, while along the z-axis perfect matched layer (PML) 
boundary condition is used to minimize unnecessary boundary 
reflections. The dielectric permittivity data obtained by 
Johnson and Christy [41] are used for the gold film. The whole 
structure is surrounded by dielectric environment of vacuum. 
Transmission spectra are monitored to investigate the optical 
properties in detail. In addition, in our work, we focus on the 
transmission intensity for EOT and the resonance wavelength 
for sensing. Thus, the optimized multi-coefficient model fit of 
ds 
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the material dielectric constants are conducted and a 
broadband light source is used to ensure a basically flat profile 
within the band of interest. These guarantee the minimized 
simulation error in the wide band. 
3. Results and discussions 
First, we discuss the transmission characteristics of the 
nanohole arrays without nanoparticle modifications (none in 
hole). Note that in the following main body, we only discuss 
a square array of nanohole gold film and the modifications 
thereof, and details about a hexagonal array could be found in 
the appendix. 
Figure 2 shows the transmission spectra of a square array 
of nanohole gold films. Surface plasmon resonance (SPR) 
peaks can be clearly identified in these spectra. The single 
peak at 500 nm comes from direct light transmission through 
the gold film, which could be attributed to the interaction 
between the conduction band and the d-band of Au [41] and is 
independent of the geometric structure as marked by the 
arrows in Figs. 2(a) and 2(b). The transmission minimum at 
the left (short wavelength) side of each maximum in all cases 
with different periods and diameters is associated with 
Wood’s anomaly due to the light diffracted parallel to the Au 
surface and thus could not be transmitted [42]. 
 
Fig. 2. Transmission spectra of the none-in-hole structures with (a) varying array periods P at fixed 200 nm hole diameter and (b) 
varying hole diameters D at fixed 400 nm array period. 
As shown in Fig. 2(a), systematic trends in the transmission 
spectra as a function of period from 300 to 700 nm are evident, 
namely, the max of the dominant resonance redshifts from 
around 650 to 1050 nm, the overall transmission decreases, 
and the transmission peaks narrow as the period of the array is 
increased. The transmission peaks result from surface 
plasmons on a two-dimensional lattice, which can be 
described by the dispersion relation [4] 












                (1) 
where P is the period of the array, i and j are integers 
corresponding to Bragg-type scattering modes, εm is the real 
part of the complex dielectric function of the metal, and εd is 
the dielectric constant of the substrate, fused silica. The 
redshifts of these transmission peaks with increasing period of 
the array at a fixed hole diameter of 200 nm are evident with 
Eq. (1). The decrease in overall transmission in Fig. 2(a) is due 
to the decreasing apertures area ratios when the period 
increases. Figure 2(b) presents the dependence of the 
transmission on the hole size (diameter D from 100 to 300 nm) 
with a fixed period of 400 nm. As expected, the maxima (~580 
and 700 nm) and minimum (~638 nm) are located at the same 
wavelengths [2, 4], but the overall transmission increases with 
increasing D. This result is also attributed to increasing 
apertures area ratio as for the results for varying periods. With 
200 nm hole diameter, the maximum transmission 37% at 
around 700 nm compared with 19% of the aperture area ratio 
is obtained,. The normalized-to-the-area transmission exceeds 
unity, indicating for the none-in-hole structure, nearly two 
times higher transmission (EOT) is obtained. Note that the 
resonance peak around 700 nm broadens significantly as the 
diameter increases (Fig. 2(b)). For specific applications such 
as sensing, high transmission and narrow bandwidth are 
desirable in order to achieve high signal-to-noise ratio and low 
detection limit, respectively. Therefore, 400 nm array period 
and 200 nm hole diameter for the none-in-hole structure with 
medium transmission and bandwidth are selected to 
demonstrate further enhancement effects on the transmission 
and potential sensing performance through modifications of 
nanoparticles. 
Figure 3 depicts the spectra for the two modified 
architectures, i.e. cylinder-in-hole (Fig. 3(a)) and sphere-in-
hole (Fig. 3(b)), based on fixed square array of nanohole gold 
film of 100 nm thickness, 400 nm period, and 200 nm 
diameter. 
(b) (a) 







































































Fig. 3. Transmission spectra for nanohole array gold films with 100 nm thickness, 400 nm period, and 200 nm diameter modified by 
different diameters of (a) cylinders and (b) spheres. 
It can be seen that similar trends are observed in both cases. 
With the increase of the particle diameter from 50 to 100 nm 
for cylinder-in-hole and 50 to 125 nm for sphere-in-hole 
structures, the maximum peak transmission rises at first due to 
increased effective coupling between a localized mode 
(specifically, the TE11 mode supported by the individual 
aperture) and the surface plasma polaritons of the metal-
dielectric interfaces with a periodicity [43, 44]. However, for 
larger particles, the transmission drops, which is the result of 
the fact that the metal loss becomes dominant as the particle 
diameters increase [45]. Thus, maximum transmission can be 
obtained with a cylinder of 100 nm diameter and a sphere of 
125 nm diameter modified nanohole array gold film, 
respectively. 
In addition, as the particle diameters increase, the 
transmission peaks show a redshift and broadening. This is 
attributed to the secondary radiation enhancement, where 
electrons lose energy experiencing a damping effect., which 
The damping effect makes the SPR peaks broad, red-shifted, 
and asymmetric [46].  
 
Fig. 4. Further enhanced EOT with cylinder and sphere modifications. (a) transmission spectra, and the electric field (Up) and 
Poynting vector (Down) distributions for the three structures (b) none-in-hole at 701 nm, (c) cylinder-in-hole at 768 nm, and (d) 
sphere-in-hole at 771 nm. 
Figure 4(a) summarizes the transmission spectra of the two 
modifed structures with maximum EOT and the spectrum of 
the none-in-hole film. It can be seen that the two modified 
structures show both higher peak transmissions and longer 
wavelengths than the none-in-hole structure. For the none-in-
hole film, 37% transmission is observed at 701 nm, while for 
cylinder- and sphere-in-hole structures, further enhanced 
transmission of 56% and 48% are observed at 768 and 771 nm, 
respectively, even though the open aperture area within each 
nanohole is reduced because of the introduction of 
nanoparticles. The mechanism behind this is as mentioned 
above, which is in contrast to the mechanism suggested in [37, 
(a) (b) 
|E/E0| (b) 
|E/E0| (c) |E/E0| (d) 
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38], where Waele et al. and Ni et al. concluded that Fabry-
Pérot (FP) resonant cavity effect was responsible for the EOT 
phenomena in the structure of metal films perforated with hole 
arrays. 
To verify and reveal the origin of the enhanced EOT, 
electric field and Poynting vector distributions are simulated 
at each wavelength of maxima on a vertical cross section for 
the three matrices and presented in Figs. 4(b)-4(d). No 
standing wave is observed along the nanohole channels in all 
the three cases, which means no FP effect observed here [44]. 
This is in contrast to the mechanism suggested in [47, 48], 
where Waele et al. and Ni et al. concluded that Fabry-Pérot 
(FP) resonant cavity effect was responsible for the EOT 
phenomena in the structure of metal films perforated with hole 
arrays. Compared with the electric field mostly confined at the 
bottom corners of the none-in-hole array, strong electric field 
enhancements are observed at the top and bottom corners of 
not only the nanoholes but also the nanoparticles as well as 
their gaps in both cylinder and sphere modified structures. 
Also, the Poynting vector profiles clearly show that there are 
intensive optical energy exchanges among nanoparticles and 
nanoholes, which indicates that the nanoparticles act as nano-
antennas collecting the incident light through the coupling 
between the modes of nanohole and particles and then re-
emitting it into the free-space., which This contributes to the 
further enhanced EOT for particle modified arrays. The 
difference of the transmissions for cylinder and sphere 
modifications could also be attributed to the electric field 
distribution differences. The cylinder induces stronger 
transmission enhancement than the sphere does because more 
electric field is concentrated in the middle gap between the 
sphere and the nanohole as shown in Fig. 4(d), which is not 
the most efficient path to re-emit optical waves.  
It is possible to have a small amount of displacement from 
the centers of nanoholes caused by the fabrication processe. It 
is found that our structures can tolerate a small divergence in 
fabrication accuracy. 5 nm offset of the nanoparticles away 
from the nanohole centers only induces about 2% reduction in 
the transmissions with square arrays (not shown here). In 
addition, to date, sub-5 nm features and sub-nanometer 
position accuracy have been achieved by the most frequently 
used top-down fabrication methods for plasmonic devices, 
electron-beam lithography (EBL) and focused ion beam (FIB) 
techniques [49, 50]. These enable the high accuracy 
fabrication of our structures. 
The enhanced electric field could lead to a stronger 
interaction between analytes and the optical field, namely the 
interaction volume, offering an improved sensitivity for 
refractive index (RI) change of sensing media. To evaluate the 
effect of the particle modifications on RI sensing performance, 
we perform the aqueous RI sensing by assuming a label-free 
biosensing case, where the bulk RI, ns, is tuned by changing 
the bovine serum albumin (BSA) concentration, which can be 









                           (2) 
where nC is the RI of the buffer solution, herein 1.3330 of 
water is assumed, C is the concentration of BSA, and dn/dC is 
the increment in RI due to the concentration alteration. The 
refractive index increment parameter is dn/dC=0.17 cm3/g, in 
the case of BSA solutions. 
Characteristics that are commonly used to evaluate the 
performance of RI sensors are sensitivity (defined as 
S=λ/ns, where λ is the shift in resonance wavelength due 
to a change ns of sensing medium’s RI.), and a figure of merit 
(FOM, calculated as S/FWHM, full width at half maximum). 








































































Fig. 5. (a) Transmission spectra for the three structures investigated (a) none-in-hole, (b) cylinder-in-hole, and (c) sphere-in-hole for 
different ns, and (d) the sensitivities of these three structures. 
Figure 5 shows the transmission spectra and sensitivities as 
a function of ns for the three structures investigated as shown 
in Figs. 4(b)-4(d), where the concentrations of BSA solutions 
are 0, 10, 50, 100, 200, and 500 M, corresponding to RIs of 
1.33300, 1.33366, 1.33632, 1.33964, 1.34629, and 1.36622, 
respectively. The insets in Figs. 5(a)-5(c) are the 
corresponding zoom-in curves at each maximum. As shown in 
Fig. 5, the peak wavelengths exhibit a redshift as the RI 
increases, and spectral analysis shows that the relationship 
between the wavelength shift and the RI is consistent with a 
linear fit. Both the structures with the cylinder and sphere 
modifications offer around twice higher sensitivities 
compared with that of none-in-hole array film. More 
specifically, the none-in-hole array has a sensitivity of 266 
nm/RIU (refractive index unit), while the cylinder 
modification gives rise to an enhanced sensitivity of 502 
nm/RIU and the sphere modification shows a highest 
sensitivity of 584 nm/RIU. The increase in sensitivity is the 
result of the much larger sensing volume offered by the 
nanoparticle modified architecture, i.e. more electric field is 
emitted and the interaction between analytes and the optical 
field increases, while for the sphere-in-hole structure the 
electric field almost overlaps with the analytes within the 
whole hole as shown in Fig. 4(d), associated with the largest 
interaction volume, therefore a highest sensitivity [52]. 
The obtained FWHMs for none-, cylinder-, and sphere-in-
hole architectures are 91, 124, and 128 nm, and the 
corresponding FOMs are 2.9, 4.0, and 4.6, respectively. It 
indicates that the sphere modification takes advantage over the 
cylinder modification in terms of the sensitivity and FOM. 
There are usually two approaches adopted to achieve high 
FOM: (i) decrease the FWHM of the peak, and (ii) increase 
the sensitivity. Due to the limitation of the operation 
wavelength range of spectrometer, it is more desirable to 
obtain a high FOM with an appropriate sensitivity for RI 
sensors, i.e., minimize the FWHM. The period and diameter 
of the nanohole array could be carefully tuned and optimized 
to achieve a narrow FWHM, as shown in Fig. 2. Also, Fano 
resonance is an effective approach to decrease the FWHM of 
SPR dips or peaks [23, 53]. 
More interestingly, the resonance peak positions of the 
modified structures do not change with the incident angle of 
illumination, as illustrated in Fig. 6, which might be attributed 
to the property of TE11 mode, i.e. the position of TE11 mode is 
directly connected to the geometric prarameters of the 
nanohole and independent on the incident angle of 
illumination [44]. This feature makes these structures ideal for 
sensing shown above and other applications where angle 
independence is important [54].  
(a) (b) 
(c) (d) 






































































Fig. 6. The angular dependences on the transmission resonances of (a) cylinder-in-hole and (b) sphere-in-hole architectures.
In addition, similar results are obtained for a hexagonal 
array of nanohole gold film and the nanoparticle modifications 
thereof (see appendix for detail), as summarized in Table 1, 
where maxima of 55% and 50% are achieved by introducing 
nanocylinders and nanospheres, respectively. The cylinder-in-
hole results in 490 nm/RIU sensitivity and 3.3 FOM, while the 
sphere-in-hole results in 581 nm/RIU sensitivity and 3.8 
FOM. Therefore, square and hexagonal arrays of nanohole 
modified by particles, including cylinder and sphere, are 
considered to be good candidates for high-transmission 
devices and biosensing applications. Especially, the sphere 
modification based on a square array of nanohole metal film 
is better for biosensing applications with higher sensitivity and 
FOM. 
Note that the optical transmission and sensing 
performances might be further enhanced by infiltrating the 
nanoholes with gain media, where gain media are able to 
compensate the dissipative losses via the energy transfer from 
gain media to metal nanostructures [35, 55]. 










None 37 266 91 2.9 
Cylinder 56 502 124 4.0 
Sphere 48 584 128 4.6 
Hexagonal 
None 36 234 104 2.3 
Cylinder 55 490 149 3.3 
Sphere 50 581 153 3.8 
4. Conclusion 
Further enhanced EOT with maxima of 56%, and 48% are 
achieved by introducing nanocylinders and nanospheres in the 
centers of nanoholes of a square array, respectively. Mode 
coupling between nanoholes and nanoparticles rather than FP 
resonance is attributed to the enhancement, which is verified 
by the electric field distribution through FDTD simulation. 
Due to the high near-field intensity enhancement, the 
interaction volume between analytes and the optical field 
increases, leading to improved sensitivities and FOM (502 
nm/RIU with FOM of 4.0 for cylinder matrix and 584 nm/RIU 
with FOM of 4.6 for sphere matrix). Compared with a 
hexagonal nanohole array gold film and the nanoparticle 
modifications thereof, the square array of nanohole modified 
by nanocylinder offers highest transmission, while the sphere 
modification based on a square array of nanohole metal film 
is better for biosensing applications with higher sensitivity and 
FOM. The promising optical property will attract more 
applications in novel optoelectronic devices. 
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Appendix. Enhancement of EOT and sensing 
performance for a hexagonal metal array of nanohole 
and the nanoparticle modifications thereof 
Figure A1 shows the transmission spectra of a hexagonal 
array of nanohole gold film. The transmission peaks result 
from surface plasmons on a two-dimensional lattice, which 
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      (A.1) 
where P is the period of the array, i and j are integers 
corresponding to Bragg-type scattering modes, εm is the real 
part of the complex dielectric function of the metal, and εd is 
the dielectric constant for the dielectric. 400 nm period and 
200 nm hole diameter are selected, where the maximum 
transmission is 36% at 655 nm compared with 23% of the 
aperture area ratio. 
 
Fig. A1. Transmission spectra of the none-in-hole structures with (a) varying hexagonal array periods P at a fixed 200 nm hole 
diameter and (b) varying hole diameters D at a fixed 400 nm array period. 
Figure A2 depicts the spectra for the two modified 
architectures, i.e. cylinder-in-hole (Fig. 7(a)) and sphere-in-
hole (Fig. 7(b)), based on a fixed nanohole array gold film of 
100 nm thickness, 400 nm period, and 200 nm diameter. 
 
Fig. A2. Transmission spectra for nanohole array gold films with 100 nm thickness, 400 nm period, and 200 nm diameter modified by 
different diameters of (a) cylinders and (b) spheres. 
Similar trends are observed in both cases. With the increase 
of the modification particle diameter, the maximum peak 
transmission rises at first, but then the transmission drops for 
larger particle diameters. Also, with the particle diameters 
increasing, the transmission shows a redshift and broadening. 
Maximum transmission is obtained with a cylinder of 100 nm 
diameter and a sphere of 125 nm diameter modified nanohole 
array gold film, respectively. 
(a) (b) 
(a) (b) 







































































Fig. A3. Further enhanced EOT with cylinder and sphere modified. (a) transmission spectra, and the electric field (Up) and Poynting 
vector (Down) distributions for (b) none-in-hole at 655 nm, (c) cylinder-in-hole at 753 nm, and (d) sphere-in-hole at 754 nm. 
Figure A3 shows the further enhanced EOT due to cylinder 
and sphere modifications. The two modified structures show 
both higher peak transmission and longer wavelengths than 
the none-in-hole array. 36% transmission is observed at 655 
nm for the none-in-hole film, while for cylinder- and sphere-
in-hole architectures, further enhanced transmission of 55% 
and 50% are observed at 753 and 754 nm, respectively. Also, 
the electric field distributions reveal that the FP resonant 
cavity effect plays no role in the further EOT phenomena. And 
the Poynting vector profiles indicates that the nanoparticles act 
as nano-antennas collecting the incident light through the 
coupling between the modes of nanohole and particles and 
then re-emitting it into the free-space, which contributes to the 
further enhanced EOT for particle modified arrays. 
Note that an around 10% reduction in the transmissions is 
induced due to 5 nm offset of the nanoparticles away from the 
nanohole centers with hexagonal arrays (not shown here). The 
larger reduction than those with square arrays is attributed to 
the effect that with fixed period, the hexagonal arrays have 
higher nanostructure densities than the square arrays, where 
neighbouring modes are more likely to interact with each other 
with hexagonal arrays [56]. Therefore, the geometrical change 
(i.e. offset here) in the hexagonal array nanostructures has a 
larger influence on the resonance behaviors. However, all the 
transmissions are still higher than those of the unmodified 
structures (about 36%). Thus, our structures can tolerate a 
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Fig. A4. Transmission spectra for the three structures investigated (a) none-in-hole, (b) cylinder-in-hole, and (c) sphere-in-hole for 
different ns, and (d) the sensitivities of these three structures. 
Figure A4 shows the transmission spectra and sensitivities 
for BSA RI sensing. The peak wavelengths exhibit a redshift 
as the RI increases. Both the structures with the cylinder and 
sphere modifications offer higher sensitivities and FOM (490 
nm/RIU sensitivity and 3.3 FOM for cylinder-in-hole 
structure and 581 nm/RIU sensitivity and 3.8 FOM for sphere-
in-hole structure, respectively), compared with 234 nm/RIU 
sensitivity and 2.3 FOM for none-in-hole film. The 
corresponding FWHMs are 104, 149, and 153 nm, 
respectively. 
 
Fig. A5. The angular dependences on the transmission resonances of (a) cylinder-in-hole and (b) sphere-in-hole architectures.
The resonance peak positions of the modified structures are 
independent on the incident angle of illumination, as shown in 
Fig. A5. 
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